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Abstract

The fate of trace metals in contaminated coastal sediments is poorly understood, yet critical
for effective coastal management. The aim of this thesis is to investigate and quantify the
mechanisms leading to the release of silver, lead and copper across the sediment-water
interface. Two contrasting sites were investigated, a heavily contaminated site in Boston
Harbor and a less impacted, offshore site in Massachusetts Bay. High-resolution porewater
and solid phase samples were collected in each season to determine the diagenetic cycles
and chemistry controlling the fate of these metals. The trace metals are scavenged by
iron oxyhydroxides and released to the porewaters when these oxides are reduced. At the
strongly reducing site in Boston Harbor, there is seasonal transfer of trace metals from
oxide phases in winter, to sulfides phase in summer. At the Massachusetts Bay site, due to
the lack of sulfide, the metals are focused into the surface oxide layer, giving a solid phase
enrichment. There is a diffusive flux of copper to the water column throughout the year,
while silver is released only in winter. Lead is strongly scavenged and is rarely released to the
overlying waters. Analysis of reduced sulfur compounds in the porewaters has shown that
there is also a significant flux of these strong ligands to the overlying waters. Polysulfide
species enhance the solubility of copper within the porewaters. Sediment resuspension
fluxes were quantified using an erosion chamber. Sediment resuspension leads to enhanced
release of dissolved metals and is especially important in redistributing contaminants as
the first particles to be eroded are enriched in trace metals. The total release of dissolved
metals from the sediments by diffusion and sediment resuspension is estimated to be 60%
and 10% of the riverine flux for copper and lead respectively. With continued pollution
control reducing the discharge of metals from other sources, the benthic release of metals
will become increasingly important terms in the metal budget of Boston Harbor.
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Chapter 1

Introduction

The long term fate of pollutants released to the environment is of considerable ecologi-

cal and economic importance. The primary transport pathways for pollutants are rivers,

groundwater, atmospheric transport and ocean outfalls, which ultimately discharge into es-

tuaries and coastal margins. Once in the coastal zone particle reactive contaminants, such

as metals and hydrophobic organic compounds, become associated with suspended solids

and are subject to settling processes that deposit them into the sediments. However due to

dynamic biogeochemical and physical processes active in the coastal zone, sediments are not

necessarily a permanent repository for contaminants. With current legislative controls re-

stricting pollutant discharge to the environment, the sediments now represent a potentially

important source of pollutant species to coastal waters.

Three primary mechanisms drive the release of chemical species from sediments; (1)

molecular diffusion of solute phases across the interface, (2) upward advective flows of

porewaters, and (3) bulk mixing of sediment and porewater into the water column. Diffusive

transport is a molecular-level process driven by a concentration gradient across the sediment-

water interface. Advective flows in fine grained sediments can be generated by benthic

organisms irrigating their burrows. Bulk mixing can be due to biological activity, sediment

resuspension processes, and sediment slumping or human activities such as dredging.

The relative importance of each of these mechanisms in coastal sediments is not fully

understood. Benthic exchange processes in the coastal zone are poorly constrained com-

pared to those in the deep ocean. In shallow waters extreme spatial and temporal variability

of factors such as organic matter flux, temperature and macrofauna activity strongly in-
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fluence diffusive and advective exchange processes. Coastal sediments are also subject to

fluid flows of varying magnitude and duration due to tidal and meteorological forcing. In

previous studies the interaction between sediments and fluid flow was not considered, yet

energetic flow events are likely to be important in mobilizing contaminants. Due to the lo-

gistical difficulties associated with sampling during intense flow conditions, such as storms

and hurricanes, episodic events are undersampled. This represents a serious limitation to

the data that is currently available.

The focus of this thesis is on the mechanisms that lead to the remobilization of trace

metals from contaminated sediments. Metals, unlike some organic pollutants and nutrients,

do not degrade into other forms. The long term fate of metals in the coastal zone is either

permanent burial in the sediment or transportation to offshore waters. To make predictions

about the fate of metals discharged to the environment it is critical to understand the

chemical and physical processes occurring in the sediments. Silver, lead and copper were

investigated in detail. High concentrations of these well-known contaminants are found

globally in polluted sediments. Silver is one of the most toxic metals [Ratte, 1999], yet a

complete understanding of the geochemical processes that cycle silver in the sediment does

not exist. Silver, lead and copper span the range of metal behaviors found in the ocean.

Silver has a nutrient-like profile, lead has a scavenged profile, and copper shows behavior

intermediate between the two. The range of chemical properties observed with these metals

provides a basis from which to assess the fate of other contaminant metals.

An interdisciplinary approach is taken in this thesis to address the limitations of our

current knowledge. Traditional sediment geochemical methods of porewater sampling and

benthic chamber deployments are combined with erosion chamber experiments, an approach

more typical of the engineering community. With these techniques I have investigated two

contrasting coastal sites in Massachusetts, a heavily contaminated site in Boston Harbor

and a less impacted site offshore in Massachusetts Bay. Together they span the range of

geochemical environments expected in coastal regions with fine-grained sediments.

In order to quantify solute fluxes from sediments, the concentration of the trace metals

in porewaters must be accurately determined. Existing analytical methods were modified

to allow high precision measurements on small volumes of porewater. The trace metal an-

alytical procedure developed for this study is described in Chapter 2. Full investigation of

the potential interferences from the complex porewater matrix are also discussed. By intro-
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ducing an isotope dilution technique we have significantly improved the precision associated

with trace metal analysis in porewaters.

The processes driving diffusive exchange across the sediment-water interface are inves-

tigated in Chapter 3. In the past, diffusive exchange has been quantified with porewater

sampling or benthic chamber deployments on only one or two occasions. However, in the

coastal zone this approach does not provide adequate temporal coverage to understand the

geochemical processes driving the exchange. I have addressed the effect of temporal vari-

ation in Chapter 3 by sampling on a seasonal basis for nearly three years. The improved

sampling frequency has revealed a seasonal variation in metal fluxes, which has a significant

effect on the magnitude of diffusive exchange. The diffusive flux of copper is calculated

to be about 20% of the riverine input to Boston Harbor and thus an important term to

understand in the regional copper budget.

In Chapter 3 1 have not only quantified the diffusive fluxes, but have also investigated the

chemical pathways and metal cycling that control both the seasonal diffusive flux and the

long-term distribution of metals in the sediments. At both the Harbor and offshore sites,

porewater profiles indicate that iron oxyhydroxides adsorb the trace metals, providing a

strong coupling between the iron redox cycle and the metal behavior. The reduction of iron

oxyhydroxides leads to the release of adsorbed metals to the porewaters. At the offshore site

the released metals are re-scavenged by other iron oxyhydroxide particles in the oxic zone

above, resulting in a net upwards flux that generates an enrichment of metals in the surface

layers of the sediments. In contrast, the Harbor site is a strongly reducing environment

with a distinctive seasonal oscillation in the depth of redox zones. This oscillation drives

a different metal cycle. In spring, trace metals are released to the porewaters due to the

reduction of iron oxyhydroxides. As the reducing conditions increase over summer, the

released silver is precipitated out as a sulfide phase and the iron and trace metal porewater

cycles are decoupled. The cycle is completed over winter as the redox horizons move back

downwards and the metal sulfides precipitated over summer are oxidized and re-scavenged

by iron oxyhydroxides.

While Chapter 3 shows that the flux of metals from the sediments is significant, the fate

of these metals once they have crossed the sediment-water interface is unknown. Strongly

complexed metals can resist oxidation and scavenging and are thus likely to persist in

the water column. The goal of Chapter 4 was to identify potential strong ligands in the
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sediments and to assess their importance for metal complexation and therefore long-term

fate. Reduced sulfur compounds, thiols (organic compounds with an -SH functional group)

and polysulfides were measured due to their very strong affinity for silver, lead and copper(I).

Results of Chapter 4 are preliminary but they suggest that reduced sulfur compounds are

found within the sediments at concentrations that enhance the solubility of copper. In

addition, high resolution porewater profiles and flux calculations indicate that there is

a diffusive release of these species across the sediment-water interface that may be an

important source of strong metal binding ligands to the waters of Boston Harbor. As

the ligand flux is in excess of the trace metal flux, it is likely that the metals released

from the sediments are complexed by these sediment-derived ligands. The ligand excess is

sufficiently great that if the ligands resist oxidation within the water column, then benthic-

derived ligands will also impact the speciation of other metals within the water column of

Boston Harbor.

The release of metals due to bulk mixing driven by sediment resuspension is quantified

with an erosion chamber in Chapter 5. A laboratory based erosion chamber was used to

impose shear stresses at the sediment-water interface that ranged from quiescent conditions

to very strong storm conditions. The impact of moderate and extreme fluid flows has thus

been quantified for the first time. The results indicate that once the erosion threshold of the

sediments is exceeded there is a release of materials from both the solute and solid phases

into the water column. As noted in Chapter 3, the benthic metal cycle in Massachusetts

Bay leads to a trace metal enrichment in the surface sediments, enhancing the importance

of sediment resuspension at this site.

A single strong storm or hurricane in Boston Harbor will mobilize more solid phase

metals into the water column than are discharged from other sources, including rivers and

sewage effluent, in an entire year. If the resuspended solid phase is maintained in solution

by energetic flow conditions, incubation experiments suggest that 5% of the silver, 6% of

the copper and negligible lead and iron are released to the dissolved phase over 90 hours.

Sediment resuspension processes are thus responsible for transferring a fraction of the silver

and copper from the solid phase to the more bioavailabile and mobile dissolved phase within

the water column. By coupling the flux measurements from the erosion chamber with a

hydrodynamic model prediction of the temporal variability of shear stresses it is estimated

that over a year, sediment resuspension in Boston Harbor contributes a flux of dissolved
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copper and lead of up to 40% and 10% of the riverine (dissolved + particulate) input

respectively.

The total benthic release of dissolved metals to Boston Harbor has been quantified in

more detail than at any other site and includes estimates of the diffusive flux and flux due

to sediment resuspension. From the work in both Chapters 3 and 5 it is found that the

sediments contribute up to 60% of the riverine copper flux to Boston Harbor. Due to the

strong scavenging the sediments are a negligible source of lead. The sediments are also a

source of dissolved silver, but as other inputs have not been quantified the importance of

benthic release to the Harbor silver budget cannot be assessed. Nonetheless, this study

has shown that benthic inputs of silver and copper to the coastal zone are significant. Due

to pollution controls the discharge of metals from other major sources such as rivers and

sewage effluent will continue to decline. The benthic release will become an increasingly

important term in the metal budgets of coastal waters and so must be considered in the

long-term management of contaminated sediments.

This thesis has made significant progress towards understanding the mechanisms and

the magnitude of benthic silver, lead and copper fluxes in the costal Massachusetts. Con-

tributions of this thesis include: (1) measuring porewater profiles of these metals on a

seasonal basis, (2) determining that iron oxyhydroxides are the main carrier phase of met-

als, (3) identifying patterns of metal cycling in sediments under different redox conditions,

(4) understanding the geochemistry that drives the temporal variation in metal fluxes, (5)

quantifying fluxes and identifying chemical pathways of metal release due to sediment re-

suspension, and (6) determining that the sediments are a potentially important source of

glutathione and polysulfides to overlying waters. Although these contributions are derived

from analysis of Boston Harbor and coastal Massachusetts, they cover a wide range of geo-

chemical conditions and can thus be applied to other coastal regions. The magnitude of

benthic fluxes and the dominant mechanisms, which I have identified in this thesis, will aid

managers in both assessing the long-term fate of metals in contaminated marine sediments

and in designing remediation strategies.

In order to further refine our understanding of metal remobilization from contaminated

sediments in the coastal zone, finer temporal and spatial measurements are required. In

particular, to address the long-term aspects of resuspension events it is necessary to sample

the overlying water column during storms and hurricanes. Realistically, this will only be
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accomplished with the development of permanently moored, trace-metal clean, automatic

samplers. As the sediment sampling methods used in this thesis are labor intensive, it

will also be desirable to develop in-situ sediment sampling techniques suitable for analyzing

trace metals.
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Chapter 2

Sediment Sampling and Trace

Metal Analytical Methods

2.1 Introduction

The aim of this thesis is to determine the geochemical pathways cycling lead, silver and

copper in coastal sediments. Analysis of the concentrations in the porewater phase provides

a sensitive indicator of the reactions occurring within the sediments and of the mechanisms

driving the metal cycling. Porewater sampling is challenging and prone to artifacts due

to sampling techniques and analytical methods. The goal of this chapter is to describe

the sampling methods that were employed to ensure that sediment samples were collected

in as close to an undisturbed manner as possible and that the porewaters extracted from

the sediments were representative of the in-situ concentrations. The analytical methods to

determine the metal concentrations in the porewater are then described as well as a series

of tests that were undertaken in order to verify the accuracy and precision of the porewater

analytical technique.

2.2 Sample Sites and Sediment Collection

Two fine-grained sediment sites in coastal Massachusetts were investigated during this study.

The first site is located in the north-western portion of Massachusetts Bay, 9 km offshore

in 30 m of water. This site is referred to as the Massachusetts Bay (MB) site. The second

site is in the south-east corner of Boston Harbor, in Hingham Bay in a water depth of 5
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m. This site is referred to as the Hingham Bay (HB) site. The contamination history and

the sedimentary and chemical nature of each site is described and investigated in detail

in Chapters 3 and 5 so will not be discussed here. The sediment collection methods are

however described here.

Removing a core from the sediment immediately introduces a potential disturbance and

no method currently available for sampling porewaters leaves the sample completely undis-

turbed. High resolution in-situ techniques such as polyacrylamide gel probes either disrupt

the equilibrium within the porewaters in order to concentrate a sufficient amount of metal

for analysis, and so do not actually measure the porewater concentration, as is the case with

the diffusional gradient in thin films (DGT) technique used by Davison et al. [1994] or do

not provide sufficient sample to analyze low levels of multiple trace metals, as is the case for

the diffusional equilibration technique (DET) used by Davison et al. [1991]. Voltammetric

techniques [Luther et al., 19981 can give fine-scale information on a range of redox active

species such as Fe, Mn and 02, but instrumentation to determine the trace metals of inter-

est here at pM to nM concentrations is not available. The traditional method of slicing and

centrifuging [Elderfield et al., 1981] was thus employed in this study. The great advantage

of this method over either the gel probe methods or voltammetry is that additional species

such as nutrients, alkalinity, sulfide, iron and manganese can all be determined on the same

porewater sample, so that a much more comprehensive understanding of the sedimentary

redox environment and diagenetic processes can be obtained. As lead, silver and copper

are all found at trace levels in the sediments, it is essential to understand the dominant

porewater species that control the chemical environment, and thus strongly influence the

trace metal reactions within the sediments.

At both sites sediment cores were collected to ensure minimum disturbance of the

sediment-water interface. Sediment samples from the Massachusetts Bay site were col-

lected with a hydraulically damped gravity corer [Bothner et al., 1998] that ensures a slow

rate of penetration. Recovered cores were a maximum of 70 cm long. Divers using SCUBA

collected cores from the shallow Hingham Bay site and the maximum core length was 40

cm. Core barrels for each site were polycarbonate with a diameter of 10 cm. The core

barrels were cleaned with a phosphate-free detergent, rinsed with MQ water, then rinsed

quickly with 5% HC1 and rinsed a further 5 times with MQ water. The barrels were then

dried under a laminar flow hood and capped with end caps for storage.
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